Introduction
Preliminary hazard assessment for carcinogenicity relies on genotoxicity testing. The International Conference on Harmonisation of Technical Requirements for Registration of Pharmaceuticals for Human Use (ICH) battery of tests, which includes a bacterial reversion assay (Ames), an in vitro assessment of mutation using the mouse lymphoma assay (MLA) or chromosome aberrations in mammalian cells and an in vivo assessment of chromosome damage, is effective in identifying the majority of rodent carcinogens (1) . However, this high sensitivity comes at the cost of low specificity, and thus many non-carcinogens give positive results in in vitro mammalian cell tests. Recently, Kirkland et al. (2) reviewed the ability of the in vitro genotoxicity testing battery to predict rodent carcinogenicity. The majority of 183 non-carcinogens studied had positive data in at least one of the in vitro tests. Kirkland et al. introduced a new analytical tool, 'relative predictivity' (RP)-the ratio of real results to false results. Highlighting the problems with placing too much emphasis on concordance which inadequately reflects the false positive and false negative attributes of the tests, it was proposed that RP would be a 'useful tool for industry to assess the likelihood of a chemical possessing carcinogenic potential from batteries of positive or negative results'.
The ICH battery relies on genetic endpoints, i.e. outcomes of genetic damage. There is an increasing interest in the use of biomarkers in risk assessment, and for genetic toxicology probably the most promising source of these is the cellular response to DNA damage. Not all genotoxic stress results in gene mutations or chromosomal aberrations. Evolution has equipped cells with effective surveillance methods for DNA damage, which in turn can trigger appropriate responses such as growth arrest, DNA repair and in extreme circumstances apoptosis. Thus, for every genetic endpoint identified, there will have been many other events which are effectively repaired to ensure genetic integrity and are undetectable. Biomarker changes associated with the process of DNA damage repair will therefore occur in a greater proportion of the population, and to a greater degree, than discernable genetic damage or other genetic endpoints.
The response to DNA damage in Saccharomyces cerevisiae (yeast) is well characterized. Several laboratories have generated data using reporters of gene transcription or microarray experiments, demonstrating that agents capable of causing mutation in yeast will lead to induction of the RAD54 promoter (3) (4) (5) (6) . RAD54 is a member of the RAD52 epistasis group of DNA repair genes and is induced above a constitutive level by a variety of different DNA lesions, yet the promoter does not respond to non-genotoxic oxidative or reductive stresses, heat or osmotic shocks or amino acid starvation. RAD54 encodes a structural element of the homologous recombinational repair pathway and is transcriptionally up-regulated in response to exposure of the yeast to a broad spectrum of genotoxins and thus is a good surrogate for monitoring genetic endpoints. The stimulation of RAD54 transcription by DNA damage can be effectively monitored by an operatively linked promoter-GFP reporter fusion and this is exploited in the GreenScreen assay (GSA). Several studies have revealed the utility of this assay (7) (8) (9) .
In this paper, we present all the data we have generated inhouse to date from the GSA. In order to avoid authors' bias in the compilation of this compound collection, a number of industrial companies (pharmaceutical and consumer goods) were asked to suggest compounds that would be of interest to them in assessing this genotoxicity screening test. Thus, the collection is diverse in nature and contains many compounds for which there are conflicting data from other genotoxicity tests. An analysis is presented for the sensitivity and specificity of the test in comparison with a number of ICH battery tests and with rodent carcinogenicity. RP is included in this analysis. This collection includes many compounds that were assessed because their particular physical properties such as colour, autofluorescence, etc. and were of interest in defining performance limits for the test, since GSA uses an optical end point.
Materials and methods
The GreenScreen microplate assay protocol has been described fully elsewhere (7) . In brief, nine serial dilutions of each test chemical were made in a 96-well, black, clear-bottomed microplate. Four compounds were tested per microplate. GSA requires 375 ll of solubilized test compound in a typical diluent of 4% v/v dimethyl sulphoxide (DMSO) in sterile water. For a top test concentration of 10 mM, assuming an average molecular mass of 300 g/mol and taking account of the 50/50 dilution on the microplate when yeast is added, the compound requirement is ,3 mg per test, making it suitable for relatively high-throughput screening. The diluted test chemicals were mixed separately with both a test yeast strain, GenT01 (expressing GFP from the RAD54 promoter), and a nonfluorescent control yeast strain, GenC01 (with an out-of-frame GFP gene), in a defined growth medium.
Following overnight incubation (16 -20 hrs), cell density and fluorescence were measured. These raw data were transferred to the GreenScreen data handling software, which provides clear decision making for positive and negative results based on statistically relevant thresholds. For each microplate well analysed, the fluorescence data were divided by the absorbance data to give a normalized 'brightness' value. Brightness results for the control strain were subtracted from those of the test strain results to allow correction for moderate compound autofluorescence. A positive genotoxicity result was concluded if a sample produced an induction in brightness !30% compared to an untreated control. The 30% significance threshold is conservative and based on three times the standard deviation in the brightness data from constitutive GFP expression when testing dilution series of both non-toxic and cytotoxic but non-genotoxic chemicals. A strong positive genotoxicity result was concluded if three or more serial dilutions of the compound produced an induction in brightness .30% or at least one dilution produced an induction .60%.
Cytotoxicity was assessed by measuring the relative total growth (RTG) in cell density compared to an untreated control (100%). A positive cytotoxicity result was concluded if RTG was reduced to ,80% at one or more test concentrations. A strong positive cytotoxicity result was concluded if RTG was reduced to ,80% over three or more serial dilutions of the compound or at least one dilution reduced RTG to ,50%. It should be noted that this method of assessing cytotoxicity is not a measure of cell death or cell viability; it quantifies the extent of cell proliferation throughout the incubation period and assesses the reduction in RTG caused by cytotoxic chemicals.
Standard compounds were also run, each at two concentrations to provide dose-dependent cytotoxicity and genotoxicity controls. These chemicals were methanol and methyl methanesulphonate (MMS), respectively. These chemicals have the added advantage of being liquids, thus simplifying chemical handling in the assay protocol; however, MMS should be freshly prepared and used as it can degrade during prolonged storage.
In the initial screening validation protocol (7), 1% v/v DMSO in sterile distilled water was used as a solvent throughout. Some of the additional compounds listed in this study were tested in 2 or 0% DMSO. Where no DMSO was used, compounds were prepared in water alone, and this is noted in Appendix 1 (Supplementary data are available at Mutagenesis Online).
Since GreenScreen is based on a microplate protocol with sparing use of compound, the assay is easily adapted for high-throughput screening using conventional, laboratory and liquid handling automation. Approximately onethird of the compounds in this study were tested using microplates set-up by a liquid handling robot (Microlab S, Hamilton AG, Bonaduz, Switzerland) and the rest set up manually using a multichannel pipette. The results were wholly comparable irrespective of the instrumentation used.
Calculations
Commonly used terms and their definitions are taken from Cooper et al. (10) and are paraphrased here. A compound test, with for example GSA, can have a positive outcome for which there may be either a positive result (a) or a negative result (b), from a second, comparative test (for example MLA or rodent carcinogenesis). The total number of positives for GSA is thus (a þ b) . Similarly, the test with GSA can have a negative outcome for which there might be either a positive (c) or a negative (d), result from the second test. The total number of negatives for GSA is thus (c þ d). It follows that the total number of positive results from the second test is (a þ c) and the total number of negative results from the second test is (b þ d). Similarly, the total number of compounds for which there are data for both tests, represented by N, is
The following terms were calculated from these basic figures. 
The higher the RP value, the more predictive the testing strategy. Note that where comparisons with carcinogenicity data are made in this paper these refer only to rodent carcinogenicity. There are several compounds where there are contradictory in vitro and in vivo genotoxicity data from different sources, and these are recorded as þ/À. However, where comparisons have been drawn these are recorded as positive to reflect the potential for a positive result in a regulatory test. For the purposes of the present study, a compound was considered to be a rodent carcinogen if at least one gender of one species (mouse or rat) had significant increased tumour incidence at least at one site. This is the same approach adopted in recent studies to evaluate the effectiveness of genotoxicity tests to discriminate rodent carcinogens from non-carcinogens (2) or characterize the genotoxicity of compound collections (11). It is not intended in this paper to reclassify chemicals on the basis of other test results and the authors apologize for any inadvertent gaps or confounding decisions.
Technical issues of compound testing
Requirement for a control strain and autofluorescence correction The GSA makes use of two yeast strains, primarily to combat the effects of any autofluorescence of the test compound that might otherwise be misinterpreted as an induction in GFP expression, and hence lead to a false positive genotoxicity result. The use of the non-fluorescent control strain (GenC01) alongside the test strain (GenT01) allows effective comparative correction for autofluorescence, since the test compound is exposed to the same environment and any degradation due to cellular metabolism when combined with either strain. In the assessment of genotoxicity, the relative fluorescence of the control strain was subtracted from that of the test strain. This approach worked effectively for the vast majority of compounds tested.
An exercise was carried out to test the requirement for the control yeast strain. Data from a subset of 102 compounds, as listed in the study by Cahill et al. (7), were reprocessed without correcting for autofluorescence in the control strain. If the control strain could be omitted, this would effectively double the capacity for compound testing on each microplate and may lead to an increased sensitivity in the measurement of GFP induction.
When the control strain data were not used, 21% of the 'positive' results were reclassified as 'strong positive', however, 10% of non-genotoxic compounds were sufficiently fluorescent to give a false positive result, although this result is highly dependent on the chemical space analysed. Overall there was an 8% change in qualitative results from the whole dataset. Of those compounds that gave a positive result with or without the control strain (64 compounds), 73% gave the same lowest effective concentration (LEC) results (i.e. the same sensitivity), 19% were apparently one serial dilution more sensitive and 8% more than one serial dilution more sensitive. Hence, correction for autofluorescence is necessary to give credible results with high specificity.
In a few cases (eight in this study, 2.6%), the autofluorescence of the test compound was sufficiently high at the same wavelength as GFP as to significantly obscure the GFP fluorescence. Hence, across a dilution series of the compound, the control strain appears almost as bright as the test strain, preventing accurate correction. These compounds were principally conjugated polyheterocyclic compounds or fluorescein analogues. For these compounds, a modified protocol employing fluorescence polarization (FP) was used, which has been described elsewhere (12) . The protocol exploited the high fluorescence anisotropy of GFP compared to the generally smaller, more mobile molecules of the test compound. When illuminated with polarized light, the emitted fluorescence from GFP is still highly polarized with respect to the excitation light. Hence, the difference between the intensity of the fluorescence polarized parallel and perpendicular to the excitation light is large for GFP, yet much smaller for other autofluorescent species. Taking this calculated difference as the analytical signal allows the fluorescence from GFP to be distinguished from that of the test compound.
This approach worked well for these highly autofluorescent compounds and in addition even removed the background, low level, autofluorescence of the control strain and growth medium. However, if the test compound also shows high fluorescence anisotropy, the effectiveness of this approach will be reduced. This may be the case if the test compound is very large or is a small molecule which binds strongly to larger macromolecules within the yeast cell or the microplate surface itself, such that molecular rotation is restricted. Although this rarely occurs, in this collection, the effect was observed with the highly fluorescent dye and biological stain erythrosin B, an iodine-substituted derivative of fluorescein and the only example in this study where the FP method did not successfully correct for compound autofluorescence. Unless a compound is also highly coloured, the autofluorescence does not affect the measurement of cytotoxicity.
Coloured compounds
Compounds which are highly coloured present potential interference in any optical assay. In GSA, coloured substances increase the measured absorbance, artificially increasing the estimation of cell proliferation and hence diminishing both the cytotoxicity and genotoxicity response. Coloured substances also potentially absorb both the excitation and emission light of the GFP fluorescence, which may further diminish the GFP induction signal. However, for the majority of compounds in this study, including many coloured dyes, the intensity of colour was not significant at diluted concentrations where the compound was still toxicologically active.
Four coloured compounds (two food dyes and two iron chlorides) significantly interfered with the absorbance measurements in this study such that a modified protocol was required. In the revised protocol, a separate yet identical microplate was created with the diluted test compound combined with growth medium alone (no yeast cells). Absorbance measurements from this plate could then be subtracted from those of the test plate. The method was effective, although there is a risk that the light-absorbing properties of the compound may change in the environment created by the growing yeast culture, which is not reflected on the control plate.
It is possible to estimate the limits of this approach. The method should work up to the limit of Beer's Law, where the absorbance no longer increases linearly with compound concentration. Conservatively, approximating this limit to be 0.5 OD 600 for a 1-cm path length, since the path length of the liquid in the microplate well is much shorter ($4 mm), and taking account of the fact that the test compound is diluted by 50% when tested due to the addition of the yeast cell culture, the limit of the comparative correction method equates to a test compound exhibiting an absorbance OD 600 5 2.5, at the standard 1-cm path length.
Blue and green compounds strongly absorb the red light (600-620 nm) commonly used to quantify cell density. However, since the yeast cells are of a sufficiently large size to absorb light to approximately the same degree irrespective of wavelength across the visible spectrum, the GSA works just as well using blue light for absorbance measurements. Hence, when analysing blue/green compounds such as mitomycin C, more accurate cell density measurements were made at 492 nm (aqua green) where potential interference was markedly reduced. Red compounds absorb blue/green light and hence have the potential to interfere primarily with the fluorescence measurement and the genotoxicity evaluation, even at low test concentrations. For fluorescence measurements switching wavelengths is not an option and red-coloured compounds are likely to be the most problematic for this assay. This, in part, is one of the complications of implementing a protocol with the S9 liver homogenate.
Protocol development with S9 for promutagens
Significant effort was spent attempting to develop a protocol to enhance the metabolic competency of the yeast by the addition of rat liver S9 (Moltox, Boone, NC, USA), with the aim of detecting genotoxicity from a greater number of promutagenic compounds. S9 fraction as a material presents several challenges to any optical assay and these were significant in the GreenScreen protocol. First, the red colour and particulate nature of the material interfered with absorbance measurements. S9 fraction has a broad absorbance spectrum with a peak at 415 nm. Absorbance at 600 nm was significant in the GSA down to concentrations of 0.38% v/v for S9 fraction and 0.75% v/v for the supernatant obtained after further centrifugation of S9, since the red colour was retained. Positive interference reduced the apparent sensitivity of the assay in the The yeast RAD54-GFP genotoxicity assay (GreenScreen GC) measurement of cell density and hence cytotoxicity. Second, S9 interfered on two levels with the measurement of fluorescence. S9 itself was autofluorescent with a broad spectrum from 500 to 600 nm (excitation 485 nm), and while the use of FP as previously described did not significantly diminish its autofluorescence, the use of the control strain for autofluorescence correction was effective. Of greater significance, however, was that its red colour absorbed strongly at both the GFP fluorescence excitation and emission wavelengths diminishing the sensitivity for the measurement of GFP induction and hence genotoxicity. This fluorescence interference was significant down to 0.20% v/v for S9 fraction and 0.38% v/v for the centrifuged supernatant.
Various protocols were examined based on approaches used in Vitotox and Ames assays as well as adapted methods devised in-house. Variables examined included the use of midlog versus stationary phase cells, incubation time, temperature, concentration, pH and buffer conditions for the assay and S9 treatment stages and the use of dialysis membranes (data not presented). Interactions between these variables in addition to factors, such as the variation of S9 activity between batches, instability of S9 solutions and low solubility of test compounds, compounded by the issues of interference with optical measurements led to inconsistent results and meant that development of a standardized and reproducible S9 protocol for GreenScreen was not possible.
However, yeast has a spectrum of metabolizing enzymes, albeit less comprehensive than mammalian cells, that includes a number of CYP (cytochrome P450) type enzymes and glutathione S-transferases (13) (14) (15) (16) (17) . This proficiency of the yeast is reflected in the fact that of 28 compounds in Appendix 1 (Supplementary data are available at Mutagenesis Online) which require external metabolic activation, usually by S9, to give a positive result in the Ames test, eight (28.6%) gave positive results in the GSA.
Reducing the number of dilution steps GSA uses nine serial dilutions of each compound. An analysis was made to determine over how many serial dilutions from the starting concentration, test compounds were still toxicologically active, i.e. gave an induction of GFP expression, or reduction in relative cell density, beyond the significance thresholds. In all, 166 compounds gave positive cytotoxicity data while 94 compounds gave positive genotoxicity data. After three serial dilutions, 41.6 and 35.1% of compounds were still cytotoxic and genotoxic, respectively. In all, 19.9 and 14.9% of compounds were still cytotoxic and genotoxic, respectively, after five serial dilutions.
Reducing the number of serial dilution steps would enables a higher density of compounds to be tested per microplate, increasing throughput. While these results indicated that the majority of compounds are toxicologically active in yeast over less than five serial dilutions of the top standard, testing over nine serial dilutions gives a greater chance of capturing this toxic range in the first test of a compound, often removing the need for an additional range-finding test. However, for higher throughput screening from a fixed concentration, a shorter dilution series would be appropriate.
A reproducibility study
In a separate study, a subset of 66 compounds representing a diverse range of substances, both non-toxic and genotoxic by a variety of mechanisms, were tested a minimum of four times by an independent laboratory. Permethrin was an exception and was tested only three times. These compounds are marked with an 'R' in Appendix 1 (Supplementary data are available at Mutagenesis Online). Compounds were tested in 2% v/v DMSO to 10 mM or 5 mg/ml, whichever is the lower, unless restricted by solubility. Sixty-three from 66 compounds (95.5%) gave the same result for genotoxicity (positive or negative) every time they were tested. Methotrexate was tested five times and was positive on four of five occasions. Aphidicolin and tritolyl phosphate were positive for genotoxicity on two of five and one of four occasions, respectively, and were concluded as 'equivocal' positives for genotoxicity. In the case of aphidicolin, results that were reported by GSA software as negative did show a dose-dependent induction of GFP, but below the significance threshold of 1.3. The results indicated a high degree of reproducibility in the determination of genotoxicity using GSA, providing the incubation time, microplate reader and solvent conditions are standardized.
Discussion of results
Seventy-three of the 305 compounds in the set (23.9%) were not fully soluble at the concentration tested in up to 4% DMSO v/v. While many of these compounds gave positive cytotoxicity and genotoxicity results, the LEC quoted may be an overestimate of the solubilized fraction of the compound that is bioavailable to the yeast. Compounds were generally tested to the limit of solubility or cytotoxicity, whichever was the lower. Hence, 57 of the compounds (18.7%) were tested at concentrations .10 mM, the ICH guideline limit for testing compounds. However, half of these compounds were liquids, including eight common solvents. Only 13 of these compounds (4.3%) were positive for genotoxicity with an LEC .10 mM and seven compounds (2.3%) with an LEC .20 mM. Excluding these 13 compounds from the following analysis made only small differences to the overall statistical results and hence they were included for completeness. Table I (A1 and B) lists the comparative data for each single test and in paired combinations for the prediction of rodent carcinogenesis. In contrast, Table II characterizes the prediction of both rodent carcinogenesis and other regulatory genotoxicity data by GSA. It is perhaps unsurprising that Ames data is the most readily available, being a common first screen for genotoxicity (data available for 271 compounds). Compounds with positive Ames data will often not be tested further leading to fewer test results from other genotoxicity assays. For example, data from the in vitro micronucleus test (MNT) were the least represented and only found for 109 compounds (35.7% of the dataset). Positive prevalence was the highest for in vitro MNT (71.9%) but similar for the other tests at between 58.0 and 64.6%. A complete dataset for all four regulatory assays, GSA and rodent carcinogenicity was only available for 48 compounds (15.7%). In each statistical measure made, the number of compounds from which data are available is stated in Tables I and II. Note that some comparisons are approximate because they will be based on overlapping but non-identical sets of compounds. Figure 1 graphically ranks the sensitivity and specificity of the individual tests in predicting rodent carcinogenesis from figures included in Table I (A1 and B) . In the regulatory battery of tests, the cost of high sensitivity is low specificity and this is reflected in the data presented here. Figure 1 shows that an increased ability to detect rodent carcinogens (sensitivity) is A. W. Knight et al. accompanied by a poorer ability to correctly identify non-carcinogens (specificity). In this dataset, Ames and GSA had the highest, almost equivalent specificity (84.4 and 82.3%, respectively), which was in turn higher than all other tests or paired combinations of tests. While GSA alone exhibited the lowest sensitivity (38.8%), when examined in combination with Ames, the sensitivity was increased significantly to 66.4%, while the specificity (70.1%) was the highest of any paired combination of tests. MNT in vitro testing shows the highest sensitivity both alone (70.3%) and in combination with other tests; however, this is due in part to the higher positive prevalence in this dataset, i.e. a greater percentage of carcinogens versus non-carcinogens in the compounds for which MNT in vitro test results are available. Combinations of tests For cases where conflicting data for rodent carcinogenicity was evident in the databases and literature consulted [classified as þ/À in Appendix 1 (Supplementary data are available at Mutagenesis Online)], the comparative analysis has been performed in three ways as follows: (i) classifying þ/À results as positive (A1), (ii) classifying þ/À results as negative (A2) and (iii) excluding all þ/À results carcinogenicity results from the analysis (A3). Pos, positive; neg, negative; and Carc, rodent carcinogenesis.
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In Appendix 1 (Supplementary data are available at Mutagenesis Online), 50 compounds (16.4%) were listed as þ/À for rodent carcinogenicity and the comparisons described thus far are based on classifying these as positive, i.e. true carcinogens. The use and prevalence of the term þ/À in Appendix 1 with respect to the rodent carcinogenicity data reflects the frequent lack of correlation of carcinogenicity results between reported assays, species and sex due to differing metabolism, excretion, etc. This invariably leads to the weight of evidence approach in interpreting data, as adopted by the IARC for example. Hence, in this study, the prediction of rodent carcinogenicity by all the genotoxicity assays considered was also separately reassessed, first treating the þ/À carcinogenicity results as negative and second with the þ/À results excluded from the calculations.
The effect of classifying the þ/À rodent carcinogenicity results as negative is shown in Table I A2. The key comparative results varied slightly, increasing the sensitivity of GreenScreen from 38.8 to 43.9% and of GreenScreen in combination with Ames from 66.4 to 74.2%, yet this largely reflects the decrease in positive prevalence in the dataset. The specificity for GreenScreen was reduced from 82.3 to 76.7%, however, this figure was higher than for any other test or paired combination of tests. The effect of removing the 50 þ/À rodent carcinogenicity results from the analysis is shown in Table I A3. Note that in this instance, the number of comparisons was significantly reduced in each case. Specificity was unchanged from the initial analysis since this figure is based on negative carcinogenicity data, yet sensitivity was increased to 43.9% as in the previous analysis.
The compound collection is diverse and contains a significant proportion of chemicals considered or suspected to be nongenotoxic carcinogens. These amount to 35% (41 from 116) of carcinogens listed and are labelled as such in Appendix 1 (Supplementary data are available at Mutagenesis Online). Reference sources used by the authors in categorizing each chemical as a genotoxic or non-genotoxic carcinogen were those previously quoted for determining results for the battery of regulatory genotoxicity tests listed earlier in the Comparative Results section. Carcinogens which predominately act via non-genotoxic mechanisms may not necessarily be expected to be detected by in vitro cellular genotoxicity assays such as GSA. However, 46.3% of these compounds (19 from 41) from this dataset have some positive data in the regulatory battery of tests examined here and 26.8% (11 from 41) are positive in GSA, demonstrating how individual compounds can act by a number of different genotoxic and carcinogenic mechanisms.
If these 41 non-genotoxic carcinogens are removed from the dataset, the sensitivity of GSA increases to 45.3% and further to 85.3% when GSA is taken in combination with Ames. RP for a positive result was .2, the significance threshold suggested by Kirkland et al. (2) , for GSA alone (2.19) and in combination with Ames (2.22). RP increases to 2.56 for GSA and 2.86 for GSA in combination with Ames if non-genotoxic carcinogens are removed from the dataset. In addition, the RP for a negative result was .2 for the combination of GSA and Ames (2.09). These figures demonstrate the power of combining an Ames test with the eukaryotic GSA, both of which can be implemented for high-throughput screening if a screening version of the Ames test such as AmesII is used (18) . With high specificity, a positive result in GSA should be considered a reliable indicator of a positive result in a rodent carcinogenicity study and a valuable tool in compound ranking. Table II shows the correlation of GSA with carcinogenicity and the other genotoxicity assays considered in this exercise and its ability to predict positive and negative outcomes in these assays. GSA had both high specificity and the highest RP for positive results when predicting rodent carcinogenesis compared to GSA's prediction of the results of other tests. Thus, the GSA gives a very low rate of false positive results, essential if potentially useful drug candidates are not to be discarded as a result of a genotoxicity screen and particularly relevant to an early 'filtering' screen. These results were in contrast to the lower RP for positive results when GSA is compared to Ames, reflecting the eukaryotic nature of GSA. Hence, GSA gives complementary data to Ames, indicating that these two assays will be effective when used together in a screening battery of tests. This was recently demonstrated in a study by Van Gompel et al. (8) , whereby the analysis of 2351 proprietary drug candidates showed that 7% were positive in AmesII and 7.5% were positive in GSA. However, only 7% of the GSA positives were also positive in AmesII, showing that each assay detects a different but overlapping spectrum of genotoxins.
The high specificity of GSA is coupled with relatively low sensitivity, which is lower than Ames and other mammalian cell tests for this compound set. However, as previously mentioned, GSA positives are not simply a subset of the Ames positives. The Ames test (performed with and without S9 activation) identifies some compounds which are missed by GSA (performed without S9) largely as a consequence of its incomplete metabolic competency. However, GSA identifies some compounds missed by the Ames test, largely as a consequence of the lack of eukaryotic targets in bacterial cells (chromatin and DNA-metabolizing enzymes acting on chromatin, etc.). It is of course because of the prokaryote/ eukaryote difference that there is an ICH battery of tests and not just the bacterial Ames test. It is therefore informative to look at combinations of assays with GSA and in this context, Figure 1 reveals that the combination of two high-specificity tests (Ames and GSA) maintains specificity while increasing sensitivity, in contrast to combinations including lower specificity mammalian cell tests.
Conclusions
The current ICH battery of genotoxicity tests exhibits high sensitivity such that few genotoxic carcinogens are missed. Unfortunately, their collective lack of specificity means that professional genetic toxicologists are forced to spend their time deciding how to interpret or further investigate positive results for which there is a high chance of irrelevance to human risk assessment. In this study, GSA has been shown to exhibit high specificity and a very low rate of false positive results, while combining results with a bacterial Ames test provides improved sensitivity for the detection of genotoxic carcinogens. Thus, when incorporated in a small screening battery, including the Ames test with and without S9 metabolic activation, GSA provides a mechanism to help reduce the number of hazardous compounds needlessly proceeding to later stage regulatory genotoxicity assays and animal tests, without producing additional false positive cells which can lead to the rejection of valuable compounds or necessity for extra investigative testing. At the very least, GSA can be used to allow effective prioritization of compounds in the drug development process, and the high-throughout nature of the assay coupled with the sparing use of valuable drug compound means that GSA can be applied early in the process.
This data review has focussed on the yeast genotoxicity assay, but some more general conclusions can be drawn. The 'relative predictivity' metric does indeed appear to have utility in the assessment of genotoxicity testing strategies. GFP reporter systems are sensitive to coloured and fluorescent compounds, but in general, by use of a non-fluorescent control strain the intensity of optical interference is not significant at the concentrations of test compounds currently required by the regulators. Recently, a genotoxicity reporter system exploiting the expression of the GADD45a gene in the human lymphoblastoid cell line TK6 has been described (19) . It too uses GFP as the reporter fluorophore and demonstrates greater sensitivity than the yeast test but uniquely not at the cost of reduced specificity. The analysis of data from the yeast test provides a sound basis for the definition of similar operating limits for the human cell test.
Supplementary data
Supplementary data are available at Mutagenesis Online. 
